The aim of this study was to determine the sources of water uptake for two common riparian tree species found in the southeastern United States, Acer negundo and Betula nigra. The study site was located within a riparian zone typical of this region and those of the temperate USA. Water sources were determined by analyzing signatures of stable isotopes found naturally in water, 2 H and 18 O. Samples from surface water, groundwater, and soil, plus woody tissue from mature individuals of each species, were taken once each month during the 2011 summer growth season. Both species relied strongly on an unidentified ground water source, although A. negundo also showed a strong correlation with deep soil moisture (r 2 = 0.972). Sampling limitations did not permit an accurate determination of the fractional contribution of each source to plant water, limiting the strength of the results. The evidence collected leads to conclusions comparable to those of studies that have been conducted in arid parts of North America, corroborating that streamside species may rely heavily on groundwater sources, not surface streamwater. Further studies are needed in this region to confirm the evidence reported here to establish a baseline for vegetation in these systems.
Introduction
Use of the stable isotopes of hydrogen and oxygen as a nonradioactive tracer, has enabled the determination of plant water sources in a large array of environments. Because root presence is not necessarily an indicator of water uptake, the ability to use stable isotopes as tracers fulfills a need for analysis of water uptake and storage in plant tissue [1, 2] . More specifically, this determination is made by analyzing differences in isotopic compositions between water extracted from woody tissue, soil, or other potential water sources created by the fractionation of ratios produced by phase changes [3, 4] .
Dawson and Ehleringer [1] evaluated the basic premise that riparian species growing on stream banks, or in the stream itself, are benefiting from increased water availability via groundwater. However, this research revealed that mature individuals of multiple species in the southwestern US utilized little or no streamwater, even for individuals growing in the stream. Several subsequent studies reported similar findings where, in contrast to juveniles, mature trees in the Southwest were relying predominately on sources other than surface water [1, [5] [6] [7] . The question arises--with large amounts of available water, why are streamside species not utilizing surface water?
Several studies have hypothesized that because many streams in arid regions experience severely decreased flows in midsummer, streamwater is too unreliable for individuals to invest resources into developing roots that can absorb surface water [2, 6, 8, 9] . One of the few studies that tested this "unreliability" hypothesis for riparian systems, where streamflow is usually perennial, found that while some streamwater was utilized, it did not contribute an important amount to plant water [10] .
The objective of the present study was to determine the sources of water uptake, and differences therein, for two species common to the riparian zone of the foothills of North Carolina, USA: Acer negundo L., a tree common to most of North America that has been studied previously in the southwestern United States [1, 10, 11] , and Betula nigra L., a more regional riparian species, in a system with reliably high streamwater. Four potential sources (streamwater, shallow and deep soil moisture, and groundwater) for plant water uptake were tested by using stable isotope analysis. It was predicted that, with the reliably high water levels and high water quality of the stream in this study, mature individuals will utilize a substantial amount of streamwater. 
Isotopic Analysis
Samples were shipped to the Stable Isotope Ratio Facility for Environmental Research (SIRFER) at the University of Utah for isotopic analysis. Water was extracted from woody tissues and soils via cryogenic vacuum distillation using the methodology of West et al. [21] . Analysis of hydrogen and oxygen isotopic ratios was completed using a Delta Plus XL isotope ratio mass spectrometer 
Statistics

Methods
Study Site
The study site was located on a 40.5 ha parcel located at The stream is ca. 8-10 m wide during average rainfall conditions and is probably artificially wider and deeper at the study location due to the damming near its juncture with the Henry Fork. The high water quality and consistently high water level of the river makes the site an ideal place to test the "unreliability" hypothesis.
Isotope Sampling
Groundwater was sampled via a small self-installed well located about 6 m from the stream edge and with a depth of approximately 3 m (at which the soil was saturated). The installed well was created using a Hoffco Inc. PH 980 motorized posthole drill. Once the saturated zone had been reached, a 2" PVC pipe, with numerous ¾" holes drilled into the lowest meter, was inserted into the well. The pipe was fitted with a threaded coupler and a screw-on cap to prevent the entrance of precipitation.
Groundwater samples were taken from the well using a syphon to draw water into the collection vial. The well was syphoned of standing water and allowed to refill before groundwater samples were collected. and depths of these species [13] [14] [15] . Cost and logistics limited additional sampling. Because previous findings have shown that there is a significant delay in the uptake of rainfall, during which evaporative enrichment likely occurs [16, 17] , shallow soil similar, but non-significant, trend was found for Betula nigra (Figure 3 Multiple pairwise tests, with a Bonferroni correction, were used to compare interspecific values for each month and showed that there was no difference in isotopic values of stem water between these species over the duration of the study (P>0.029). one water source utilized by these species was not collected (Figure 1 ).
O values of water from woody tissue of A. negundo (filled circle) and B. nigra (empty circle) and water collected from 4 possible sources, with lines of best fit for each set of points. Data show that woody tissue values are isotopically lighter than any of the sources, and that shallow soil water (filled triangle) and deep soil water (empty triangle) are tightly coupled and enriched in
Intraspecific differences in isotopic signatures between
collection dates showed similar trends for both species; however, the means of July and September values were 
H values of A. negundo (filled circle) and B. nigra (empty circle) over time. The isotopic values of both species show similar trends, decreasing from the previous month in August and October measurements, while increasing in September. There was no difference in isotopic signatures between species during this period (P>0.052). Error bars show ± 1SD.
smaller portion of plant water than in A. negundo, and therefore does not exhibit the same trend. Additionally, neither species seemed to have a notable shift in source through the duration of the study.
Rooting Habits
While the use of root presence to identify the source of water uptake has been both cautioned and encouraged [1, 2, 24] , the water utilization pattern found here is not surprising based on the rooting habits of these species [13] [14] [15] . Both species have relatively shallow roots (up to 2 m) allowing soil water uptake, but may also form a deeper tap root. Depth to groundwater in riparian zones of the region is often 5-10 m, permitting uptake from the capillary fringe and, often, direct access to groundwater for species with deeper root systems.
Comparison with Previous Findings
The findings reported here are in contrast with the few studies conducted in the southeastern US which have reported surface water as the primary source of plant uptake [17, 25] . However, these previous studies have not been conducted streamside, and the variable results could be due to differences in the water conveyance system or species. These results seem to support studies performed in the southwestern US for A. negundo and similar species in the riparian zones of that region. As noted in multiple studies, plant water of many species of mature riparian trees in the arid Southwest, and Australia, is taken almost solely from soil and groundwater resources [1, [5] [6] [7] 10, 26, 27] .
The reliance on a deep ground water source of the species in this study suggests that broadleaved riparian trees may not be growing in these zones in an attempt to capture the abundant surface water. One theory as to why these species are only found naturally in riparian zones is that higher groundwater levels often exist in these areas allowing access to increased soil moisture and, possibly, groundwater resources [27, 28] .
The data reported here contrast with the idea that riparian species do not utilize streamwater because streams are often too unreliable for uptake during the critical late summer period [1, 2, 9, 27] . The characteristics of the stream at this site (i.e. high water quality, reliably high water levels with an increased width and low flow rate due to damming) and selection of healthy, mature individuals should create an ideal scenario for streamwater uptake if it were going to occur. However, evidence collected at this site suggests source utilization similar to those of Kolb et al. [10] , and thus, the unreliability hypothesis does not appear to be an appropriate explanation for a lack of streamwater uptake at this site. While it is possible that the roots of these species are not plastic or do not exhibit hydrotropism, and are unable to take advantage of stream resources when available, there is currently no good explanation as to why trees at this site would not use more substantial amounts of streamwater.
Conclusions
The inability to calculate fractional contribution of each source to plant water prevents the determination of conclusive 4. Discussion
Identification of Water Source
The isotopic compositions of the water extracted from the woody tissue of both species were more depleted in deuterium than those of either shallow or deep soil water or streamwater, indicating consistent reliance on a source highly protected from evaporative enrichment (Figure 1) . Also indicated is a potentially important methodological error-soil and woody tissue values are shown to be isotopically lighter than water collected from the installed well ("groundwater"). Because groundwater experiences a very low rate of evaporation, it should be one of the most depleted sources available [22] . Therefore, the water collected from the installed well was likely not representative of the groundwater of this area and the unsampled source is some ground water source available to the trees at this site. While evidence suggests that the missing source is groundwater, we cannot be certain of the depth of that source (deep unsaturated zone, the capillary fringe, or the saturated zone). Because of this uncertainty, the term "deep ground water source" will be used hereafter to refer to the unsampled source.
As mentioned above, missing samples representative of groundwater are an obvious error when interpreting the findings of this study. Because the isotopic values were so similar, and because of the relative nearness to the stream, it is likely that water collected from the well was from a hyporheic flowpath fed by streamwater. While no actual values for the missing source were measured, the data suggest that it is isotopically lighter than the values for A. negundo and B. nigra, and significantly lower than the lines of best fit for all other sources on the plot, suggesting that it must be highly preserved--another indication that the unsampled source is groundwater.
In an ideal situation, where all sources were sampled, isotopic mixing models could be used to determine fractional contribution of each source to plant water [23] . However, the failure to accurately sample all sources forces the use of less powerful forms of analysis (due to low statistical power) [6, 9] . Overall, it appears that both species relied on a similar composition and utilization of water sources. With the lack of correlation between B. nigra and deep soil moisture, it is possible that the species utilizes deep soil water, but that it makes up a manipulation, such as stream pollution from industrial and agricultural sources.
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utilization data. However, evidence from Figure 1 and a strong relationship with deep soil water indicate the missing source is highly conserved, suggesting a deep ground water source.
This study also provides a preliminary agreement with studies conducted in arid systems, where groundwater makes up an important portion of plant water and little or no surface water is utilized.
Additional studies in the southeastern US, where all sources can be accurately sampled are needed to confirm the evidence collected here. As these projects begin to define the baseline of source utilization in systems with high water quality and consistently reliable stream flows, this methodology could be used to monitor the impacts of environmental variations, in precipitation and temperature, and of anthropogenic
